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Abbreviations used; EAE, experi- 
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]VlyD88, myeloid differentiation 
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tor yt; SFB, segmented filamen- 
tous bacteria; SPF, specific 
pathogen— free; sTj^l7 cells, 
steady-state T^IT cells; TLR, 
toll-hke receptor. 



ThI 7 cells are a lineage of CD4+ T cells that are critical for host defense and autoimmunity 
by expressing the cytokines IL-1 7A, IL-1 7F, and IL-22. A feature of ThI 7 cells at steady 
state is their ubiquitous presence in the lamina propria of the small intestine. The induction 
of these steady-state intestinal Tn17 (sTh17) cells is dependent on the presence of the 
microbiota. However, the signaling pathway linking the microbiota to the development of 
intestinal sTh17 cells remains unclear. In this study, we show that IL-1 but not IL-6, is 
induced by the presence of the microbiota in intestinal macrophages and is required for 
the induction of sThI 7 cells. In the absence of IL-1 p-IL-l R or MyD88 signaling, there is a 
selective reduction in the frequency of intestinal sTh17 cells and impaired production of 
IL-1 7 and IL-22. Myeloid differentiation factor 88-deficient (MyD88~'~) and germ-free 
(GF) mice, but not IL-1R~'~ mice, exhibit impairment in IL-1p induction. Microbiota-induced 
IL-1 p acts directly on IL-1 R-expressing T cells to drive the generation of sThI 7 cells. 
Furthermore, administration of IL-ip into GF mice induces the development of retinoic 
acid receptor-related orphan receptor yt-expressing sThI 7 cells in the small intestine, 
but not in the spleen. Thus, commensal-induced IL-1p production is a critical step for 
sTh17 differentiation in the intestine, which may have therapeutic implications 
for ThI 7-mediated pathologies. 



Th17 cells are a selective lineage of 004"*" 
T helper cells that are critical for host defense 
and autoimmunity by expressing the proinflam- 
matory cytokines IL-17A, IL-17F, and IL-22 
(McGeachy and Cua, 2008; Ouyang et al., 
2008; Kom et al., 2009). The induction of Th17 
cells during inflammatory conditions such as 
experimental autoimmune encephalomyelitis 
(EAE) requires cytokines such as IL-ip, IL-6, 
IL-23, and TGF-(31 (Kom et al., 2009). In addi- 
tion to their presence during inflammatory 
responses, a population of T cells that expresses 
retinoic acid receptor— related orphan recep- 
tor yt (Ror"yt), which is a Tyl7-specific tran- 
scription factor, is also found at steady state 
(sTh17) in the small intestine lamina propria 
(LP; Ivanov et al., 2006; Ivanov et al., 2008), 
where they accumulate only in the presence 
of luminal commensal microbiota (Atarashi 
et al., 2008; HaU et al., 2008; Ivanov et al., 
2008). Recently, one member of this bacterial 
community, the Clostridia-relitcd segmented 
filamentous bacteria (SFB), was shown to be 
capable of inducing the generation of Tfjl7 
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cells, as well as other subsets of Tj^ cells (Ivanov 
et al., 2009). It has been suggested that the 
induction of ATP (Atarashi et al, 2008) and 
serum amyloid proteins (Ivanov et al., 2009) 
by commensal bacteria are required for pro- 
moting the generation of intestinal Tjjl7 
cells. However, the host signaling pathway 
linking the microbiota to the induction of 
intestinal sTfjl7 cells at steady state remains 
to be fully elucidated. 

IL-IR signaling is important for murine 
Th17 development (van Beelen et al., 2007; 
Chung et al., 2009; Gulen et al., 2010) and 
accordingly, mice lacking IL-IR expression 
exhibit impaired capacity to generate Tfjl7 cells 
in the setting of EAE (Sutton et al., 2006; Chung 
et al, 2009). Furdiermore, the IL-1|3-IL-1R 
signaling pathway has been shown to promote 
IL-17 production by the unconventional "yS 



® 2012 Shaw et al. This article is distributed under tlie terms of an Attribution- 
Noncommercial-Share Alike-No Mirror Sites license for the first six months after 
the publication date (see http://www.rupress.org/terms}. After six months It is 
available under a Creative Commons License (Attribution-Noncommercial-Share 
Alike 3.0 Unported license, as described at http;//creativecommons.org/licenses/ 
by-nc-sa/3.0/). 



251 



JEM 



T cells in the presence of commensal bacteria (Sutton 
et al., 2009; Duan et al., 2010). Based on analysis of intra- 
cellular staining of LP cells for Tp^lV-associated cytokines 
after stimulation with phorbol ester and ionomycin, it was 
suggested that myeloid differentiation factor 88 (MyD88) 
signaling pathways that include Toll-like receptor (TLR) 
and the IL-ip— IL-IR signaling pathways were not impor- 
tant in inducing the development of normal Tp^lV cell re- 
sponses in the small intestine (Atarashi et al., 2008; Ivanov 
et al., 2009). Because recent findings revealed that phorbol 
ester and ionomycin stimulation may exaggerate intracel- 
lular IL-17 expression in T^IV cells (Hirota et al., 2011), it 
remains unclear whether MyD88 signaling pathways play a 
role in the induction of intestinal sT^17 cells in animals colo- 
nized with gut-residing bacteria. In the present study, we ex- 
amined the role of IL-IR and MyD88 signaling in 
influencing the induction of sTjjl7 cells in the intestinal 
microenvironment. Our results revealed that the micro- 
biota induces the production of IL-ip, but not IL-6, in LP 
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phagocytes and that stimulation of IL-1(3— IL-IR signaling 
is necessary and sufficient in driving the generation of in- 
testinal sTfjlV cells. 

RESULTS AND DISCUSSION 

IL-1 p-IL-1 R signaling promotes the development 

of intestinal sThI 7 cells 

To assess the role of IL-IR signahng in the development 
of sTf^iy cells under steady-state conditions in vivo, we 
crossed RoK('yt)-gfp reporter mice, which express GFP under 
the control of the promoter of Ror7t (Eberl et al., 2004; 
Ivanov et al., 2006), with Ilrl~^~ mice to generate Rorc(yt)- 
gfp reporter mice in the presence and absence of IL-IR. 
Although the frequency of total CDA^ T cells was not signifi- 
cantly different (Fig. 1 A), the numbers of Rorc(7t)-gfp^ CDA^ 
T cells were greatly reduced in the LP of Ilrl~'^ mice com- 
pared with those in wild-type littemiates (Fig. 1, B and C). 
The impaired generation of LP sTp^l? cells was not the result 
of enhanced development of Foxp3^ T regulatory cells in 
the absence IL-lRl signaling, given 
that no diflirences were observed in 
the frequency of Foxp3^ CD4^ T cells 
between Ilrl^'^ and the Uttemiate 



Figure 1 . IL-1 p-IL-1 R and MyD88 sig- 
naling promotes the development of in- 
testinal sTh17 cells. (A-C) Representative 
FACS dot plots of small intestine LP lymphoid 
cells from the indicated mice are shown in A 
and B, and the percentage of Ror7t-gfp+ 
CD3+CD4+ of individual mice are shown in C. 
Cells were pregated on total lymphocyte pop- 
ulation in A and on CD3+ cells in B. (D) Repre- 
sentative FACS dot plot analysis of Foxp3 
expression gated on total LP CD3+CD4+ cells 
of indicated mice. (E) Production of intestinal 
IL-17 and IL-22 by sorted CD3+CD4+ cells 
from the indicated mice was assessed ex vivo 
after stimulation with anti-CD3. (F) Produc- 
tion of IL-17 and IL-22 by (10"= cells/ml) total 
LP cells from indicated mice was assessed 
ex vivo after stimulation with anti-CD3. (G) Pro- 
duction of intestinal IL-17 and IL-22 by sorted 
CD3+CD4+ cells from the indicated mice was 
assessed ex vivo after stimulation with anti- 
CD3. (H) Representative FACS dot plots gated 
on small intestine LP CD3+ cells in the indi- 
cated mice. (I) Production of intestinal IL-17 
and IL-22 by sorted CD3+CD4+ cells from the 
indicated mice was assessed ex vivo after 
stimulation with anti-CD3 antibody (top). 
Representative FACS dot plots gated on small 
intestine LP CD4+ cells in the indicated mice 
(bottom). In vitro cytokine results shown in 
panels E-G and I are presented as means -h SD 
from three to four individual mice per group. 
FACS results shown in panels A, B, D, H, and I 
are representative of two to five independent 
experiments with similar results. 
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control niice (Fig. 1 D). Consistent with the reduced frequency 
of sTjjiy cells in vivo, the production of T^lV-associated 
effector cytokines (IL-17 and IL-22) by FACS-sorted intestinal 
CD3^CD4^ IL-IR^^^ cells, was also blunted after in vitro 
stimulation (Fig. 1 E). The impaired generation of sT^lV 
cells observed in the Hrl^'^ mice was not caused by the lack 
of intestinal colonization with SFB, as Ilrl^'^ and controls 
animals maintained in our specific pathogen— free (SPF) fa- 
cility had a comparable number of fecal SFB as determined 
by quantitative real-time PGR (qPCR) of 16s rRNA gene 
sequences (unpublished data). In addition, the expression of 
IL-6 and IL-23pl9 in the small intestine was unaffected by 
the absence of IL-lRl signaling, as qPCR analysis revealed 
that the transcript levels of these genes were similar between 
Ilrl^'^ and wild-type littermate animals (unpublished data). 
The proinflammatory cytokine IL-1(3 is a known ligand that 
interacts with IL-lRl to mediate its biological effects (Sims 
and Smith, 2010). Accordingly, the in vitro production of 
IL-17 and IL-22 by LP cells isolated from III^-'- and Ilri-'- 
mice was similarly reduced (Fig. 1 F). In contrast, the produc- 
tion of the Thl-associated cytokine IFN-'y by total LP cells was 
not impaired after in vitro stimulation (unpublished data). 

The development of intestinal sTh17 responses 
requires MyD88, but not IL-6 

Given that the adaptor molecule MyD88 plays a critical role 
in both TLR- and IL-IR— signaling pathways (Medzhitov 
et al., 1998), we reevaluated the intestinal sT^lV response 
in Myd88^'^ mice. Consistent with previous studies (Atarashi 
et al., 2008; Ivanov et al., 2008), we observed normal in- 
testinal T[jl7 responses in the absence of MyD88 signaling 
by intracellular cytokine staining of LP cells stimulated 
with phorbol ester and ionomycin (unpublished data). 
However, in light of recent findings suggesting that phor- 
bol ester and ionomycin stimulation may exaggerate intra- 
cellular IL-17 expression in Tf^l7 cells (Hirota et al., 2011), 
we sought to address the role of MyD88 in promoting Th17 
responses under more physiological conditions. To do so, we 
stimulated FACS-sorted LP CD3+CD4+ T cells isolated from 
Myd88~'^ animals with antibody to CD3. Myd88~'~ mice 
exhibited decreased intestinal Tpjl7 cytokine responses as 
determined by ex vivo stimulation of CD3*CD4*-purified 
cells (Fig. 1 G). To further assess the role of MyD88 in pro- 
moting sTfjl7 responses without ex vivo manipulation, we 
crossed Rorc(yt)-^fp reporter mice with Myd88^'^ mice to 
generate Rorc('yt)-gfp reporter mice. Consistent with the re- 
sults obtained with Ilrl^'^ mice in vivo and stimulation 
of LP CD3+CD4+ T cells with anti-CD3 ex vivo, we found 
reduced frequency of CD4^ Rorc('yt)-gfp^ cells in the intes- 
tinal LP o{ MYd88^ Rorc(yt)-^p mice when compared with 
Myd88^^^ Rorc('yt)-qfp littermate mice (Fig. 1 H). In contrast, 
the frequency of CD4^ Rorc('^t)-gfp^ cells in the intestinal 
LP of Rorc(yt)-^fp mice was unimpaired when com- 

pared with IL-6^^~ Rorc(yt)-^fp ]ittermMe mice (Fig. 1 I). Con- 
sistently, the production of THl7-associated eflictor cytokines 
(IL-17 and IL-22) by FACS-sorted intestinal CD3+CD4+ 



IL6^^^ cells was comparable to that of intestinal CD3*CD4^ 
T cells from httemiate mice (Fig. 1 I and not depicted). 

These observations indicate that the homeostatic develop- 
ment of intestinal sTh17 cells does not require IL-6, but is 
dependent on, IL-1(3— IL-IR and MyD88 signaling. 

The CD1 1 b+F4/80+CD1 1 c-/i™-resident 
macrophage population is the main source 
of IL-1 p in the small intestine 

We next investigated which cellular subset of cells in the in- 
testine IS a potential source of IL-1 (3. To begin to address this 
question, we generated bone marrow chimera mice by re- 
constituting lethally irradiated wild-type recipient mice with 
bone marrow from wild-type or IL-1 (3— deficient mice. Analy- 
sis of the chimera mice revealed that IL-1|3 produced by 
hematopoietic cells is required for the induction of intestinal 
sTf^l7 responses (Fig. 2 A). Thus, deficiency of IL-1(3 in 
hematopoietic cells impaired the production of the Ty^Xl- 
associated effector cytokines, IL-17, and IL-22, but not IFN-7, 
by LP cells after in vitro stimulation (Fig. 2 A). Accumulating 
evidence suggests that LP mononuclear phagocytes are crucial 
for maintaining intestinal homeostasis and promoting intestinal 
immunity (Varol et al., 2010). Accordingly, in the intestinal 
LP, we identified, based on the differential surface expression 
of CDllc and CD lib, three distinct mononuclear phagocyte 
populations: CDllb+CDllc" (Rl), CDllb+CDllc+ (R2), 
and CDllb"CDllc+ (R3; Fig. 2 B, left). Next, we exam- 
ined which subsets of these intestinal phagocytes contribute 
to steady-state production of IL-1(3. To do so, we sorted Rl, 
R2, and R3 populations and assessed intracellular IL-1 (3 
protein levels. The Rl population of cells expressed the 
highest level of IL-1 P protein compared to the R2 or R3 
subsets (Fig. 2 B, middle). Further flow cytometry analysis 
demonstrated that the Rl population was CDllb"^, F4/80"^, 
MHCII+, CDllc-^'°", and CD 103"" (unpubUshed data); thus, 
this population seems to belong to a previously described 
subset of CDl lb^F4/80^ intestinal macrophages (Kamada 
et al., 2005; Denning et al., 2007). Therefore, these findings 
indicate that the CDllb+-, F4/80+-, MHCII+-, CDllc"^'""-, 
and CD103""-resident populations are the main source of 
IL-ip production in the LP of the small intestine. 

IL-1 p induction in intestinal macrophages is mediated 
via MyDSS, but not IL-1 R, signaling 

The expression of IL-1 P is induced by TLR ligands and 
IL-ip itself can also serve as a positive feedback regulator of 
this pathway (DinareUo, 2009). To investigate the interaction 
between commensal bacteria and the host iiimiune system 
that promotes the induction of IL-ip, Rl, R2, and R3 sub- 
sets from the LP of wild-type and Ilrl^'^ mice were sorted 
and the protein level of IL-1 P was determined. There was no 
detectable difference in the level of IL-1 P between wild-type 
and Ilrl^'^ animals (Fig. 2 B, right), indicating that IL-ip— 
IL-IR signaling does not regulate the expression of IL-ip in 
intestinal macrophages. This suggests that induction of IL-1 P is 
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upstream of IL-IR signaling. However, LP CDllb^CDllc^ 
cells from SPF Myd88~'~ and germ-free (GF) wild-type mice 
showed decreased levels of pro— IL- 1(3 (Fig. 2 C), suggesting 
that the interaction between TLR/MyD88 and the com- 
mensal niicrobiota is an essential requirement for the induc- 
tion of IL-1(3 in phagocytic cells. In line with this notion, the 
levels of IL-ip niRNA in the LP were similarly decreased in 
GF wild-type and SPF MydSS^'^ animals as compared with 
SPF control mice (Fig. 2D). In contrast, comparable levels of 
IL-6 were found in the LP of wild-type and GF mice (Fig. 2 E). 
Collectively, these observations suggest that the microbiota 
regulates the production of IL-1(3 in LP phagocytic cells via 
MyD88, independent of IL-IR signaling, to promote the in- 
duction of sTfjiy cells in the small intestine. 

IL-1 R signaling on T cells is required for the generation 
of intestinal sTh17 response 

IL-lRl is ubiquitously expressed on both hematopoietic and 
nonhematopoietic cells (DinareUo, 2009; Sims and Smith, 
2010). To assess the importance of IL-lRl signaling in vari- 
ous intestinal cellular populations in promoting the genera- 
tion of sTfjiy cells, we generated bone marrow chimera mice. 
Reconstitution of lethally irradiated recipients, regardless of 



genotype, with Uri^'^ bone marrow recapitulated the defective 
sTj^iy response observed in intact Ilrl^'^ animals (Fig. 3 A). 
Thus, deficiency of IL-Rl in hematopoietic cells impaired 
the production of the TylT-associated effector cytokines 
(IL-17 and IL-22) by LP cells after in vitro stimulation (Fig. 3 A). 
The requirement of an intact IL-lRl signaling pathway in 
the hematopoietic compartment using bone marrow chime- 
ric mice does not distinguish whether or not direct IL-lRl 
signaling on T cells promotes the induction of intestinal sT^lV 
cells. To this end, we adoptively transferred Ilrl"^'^ or Ilri^'^ 
-CD3+CD4+ Rorc(yt)-^p^^»°-^^ cells mto SPF Ra<^l-'- recipients 
(Fig. 3 B, left). Reconstituting Ragi^'^ recipients with either 
IlrP'^ or IM^'^Rorc(yt)-gff"'i^'''"' CD4+ T cells resulted in a 
similar recruitment and expansion of CD4"'" T cells to periph- 
eral organs and frequency of GFP-expressing CD4^ T cells in 
the spleen and liver (Fig. 3 B, middle). However, despite 
normal recruitment to and expansion in the intestinal LP, the 
absence of IL-lRl on CD4^ T cells selectively impaired the 
ability of the donor cells to acquire Ror7t expression specifi- 
cally in the intestinal niicroenvironment (Fig. 3 B, right). 
Consistent with diminished numbers of Rorc('yt)-gfp'"'""'"' cells 
present in the intestinal LP of Ilrl^'^ T cell reconstituted 
Ragi^'^ recipients, in vitro production of IL-17 was also 




WTB.M. /L-ip^-B.M. 

J i 

WT recipients WT recipients 



,2.0 
1.0 
0 



WT B.M. IL-1\¥- B.M. 

i i 
WT recipients WT recipients 




WT B.M. IL-1(,-'- B.M. 
i i 
WT recipients WT recipients 




R1 R2 R3 g" . „ □ WT 

n o Os] miL-1R1-'- 

;lMi^ 'i " III ni „- 



CD11b* GDI 1b* GDI 1b- 
CD11c- CDIIc* CD11C+ 



1.0. 
0.8j 

o.ej 
0.4J 
0.3] 



CD11b+ 
CDIIc- 



CD11b+ 
CD11C+ 



CD11b- 
CDIIc* 



CDIIb 



Sorted SI LP 
CDIIb'-CDIIc- 

SPF SPF SPF 

WT MyD88-'- GF 



37- 



pro-IL-lp 



26- 



19- 




SPF 

MyDSS-'- 



15- 



p-actin 



Figure 2. The microbiota promotes 
MyD88-medlated signaling for IL-1|} 
Induction In resident Intestinal macro- 
phages. (A) Bone inarrow chimeras were gen- 
erated by reconstituting letlially irradiating 
SPF wild-type recipients witin 10^ donor bone 
marrow cells isolated from the indicated mice. 
Intestinal sTh17 response was assessed at 
10 wk after reconstitution. Production of IL-17, 
IL-22, and IFN-7 by (10*^ cells/ml) total LP cells 
was assessed in the indicated chimera mice 
after ex vivo stimulation with anti-CD3. The 
results are shown from one of two indepen- 
dent experiments with five chimera mice per 
group per experiment. (B, left) Representative 
FACS dot plot analysis of total intestine 
LP cells based on CDl lb and CDIIc expression. 
(B, middle) R1, R2, and R3 populations were 
FACS sorted from SPF wild-type mice, and 
IL-1 p levels in total cell lysates from the indi- 
cated populations were determined by ELISA 
and normalized to total protein concentration. 
(B, right) Rl, R2, and R3 subsets were sorted 
from the LP of the indicated mice, and IL-1 (3 
levels were determined. (C) IL-1 (3 mRNA levels 
measured by real-time RT-PCR in sorted 
Rl population from indicated mice. (D) Protein 
extracts form sorted intestinal Rl population 
from indicated mice were immunoblotted 
with anti-IL-ip or anti-|3-actin (loading 
control). (E) Total LP cells were isolated from 
either SPF (n = 20) or GF (n = 9) wild-type 



mice and the level of spontaneous IL-6 production in overnight cultured supernatant was determined by ELISA. Representative results are shown from 
one of at least two to three independent experiments. Experiments in panels C and D are representative of two experiments using pooled cells from 
n = 2-3 mice. 
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negatively impacted by the lack of IL-lRl expression on T cells 
(Fig. 3 C). Thus, these results emphasize that maintaining 
IL-1(3 responsiveness in T cells in the intestine is necessary 
for the development of sT^lV cells. 

Administration of IL-1 p is sufficient to induce 

the maturation of splenic CD3+CD4*Ror7t"^s=*'"^ cells 

into intestinal Ror7t-expressing sTh17 cells in GF mice 

We next asked whether administration of IL-1 (3 was capable 
of inducing the presence of sTj^l7 cells in the LP of GF ani- 
mals that are largely devoid of these cells (Atarashi et al., 2008; 
Hall et al., 2008; Ivanov et al., 2008). To assess this, GF mice 
were injected with rIL-l|3 or PBS as a control and the pres- 
ence of sTylV cells and production of T^lT-associated cyto- 
kines were assessed in the small intestine. As expected, the 
production of T^iy-associated cytokines IL-17 and IL-22 by 
LP cells was low in GF mice treated with PBS (Fig. 4 A). 
Importantly, IL-17 and IL-22 production by LP cells was 
markedly increased in GF mice treated with exogenous IL-1 (5 
when compared with mice treated with PBS (Fig. 4 A). 
To further interrogate the role of IL-1 (3 in the induction 
of intestinal sTyl7 response, GF wild-type animals were 



first mfusedwith FACS-purified Thyl.l+/1.2+CD3+CD4+ 
i?.ofc('Yfj-^"'^Bative (.gjjj derived from SPF wild-type donors 
and then treated with PBS or exogenous rIL-l(3 (Fig. 4 B, 
top). Administration of rIL-l(3 selectively induced the donor 
CD4^ reporter cells to acquire Rorc('yt) expression in the 
intestinal microenvironment, but not in other peripheral or- 
gans, such as the spleen (Fig. 4 B, bottom). These data indicate 
that the presence of IL-1 P is sufficient to induce the differen- 
tiation of intestinal sTh17 cells in the absence of microbiota. 

The blunted intestinal sTfjl7 response of GF animals is 
well-characterized (Ivanov et al., 2008); however, the reason 
for the unpaired sTh17 response that is associated with the ab- 
sence of commensal microbiota is currendy unclear. We pro- 
vide evidence that the microbiota induces the production of 
IL-ip in resident macrophages via MyD88 and IL-1(3-IL-1R1 
signaling is critical for the development of sTf^l7 cells in the 
small intestine. Administration of rIL-l(3 selectively induced the 
donor reporter cells to acquire Rorf(7(J-expression in the intes- 
tinal microenvironment, but not in other peripheral organs, 
such as the spleen. Thus, the results suggest that the IL-ip/ 
IL-IR axis is not only required, but ;ilso sufficient, to drive the 
development of sTj^l7 in the intestinal microenvironment. 
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Figure 3. IL-IR signaling on T cells is required for the generation of intestinal sTn17 response. (A) Bone marrow chimeras were generated by 
reconstituting lethally irradiating SPF wild-type or llrl^^^ recipients with 10^ donor bone marrow cells isolated from the indicated mice. Intestinal sTh17 
response was assessed at 10 wk after reconstitution. Production of IL-17, IL-22, and IFN-7 by (10^ cells/ml) total LP cells was assessed ex vivo in the 
indicated chimera mice after stimulation with (soluble, 1 pg/ml) anti-CD3. The results are shown from one of two independent experiments with five 
chimera mice per group per experiment. (B, left) Experimental procedure for adoptive T cell transfer. (B, right) Representative FACS dot plot analysis of the 
frequency of CD4+Ror7t-gfp+ cells in various organs at day 14 after adoptive transfer. (C) Production of IL-17 and IFN-7 by (10^ cells/ml) total LP cells 
isolated from adoptively transferred mice (B, right) after ex vivo stimulation with anti-CD3. Data shown are from one representative experiment of three 
independent experiments with five chimeric mice per group per experiment. 
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Unexpectedly, IL-6 was not required for the development 
of intestinal sTj^lV cells. Because IL-6 is important for the 
induction of T^IV cells during inflammatory conditions 
such as EAE (Korn et al., 2009), the results suggest differen- 
tial regulation for the development of T^l? cell population 
which may be explained by differences in the local tissue en- 
vironment or specific triggers. These results do not rule out 
that IL-1(3 acts in concert with other cytokines such as IL-23 
that are known to be critical for the development of T^IV 
cells during inflammatory conditions in nonintestinal tissues 
(Kom et al., 2009). However, our results clearly indicate that 
IL-ip, but not IL-6, is induced by the microbiota and critical 
for the development of intestinal sT^l? cells in vivo. 

Our findings also identified MyD88 as a critical mediator 
for the induction of IL-ip in intestinal macrophages while 
the expression of pro— IL-1(3 in intestinal phagocytes was not 
impaired in IL-Rl -deficient mice. These results suggest that 
MyD88 acts at two distinct steps to regulate the development 
of sTj^iy cells in the intestine. First, MyD88 links the micro- 
biota to pro— IL- 1(3 induction in intestinal macrophages. This 
mechanism hkely involves the TLR-MyD88 signaHng pathway 
given that this appears to be the major innate immune path- 
way by which the intestinal microflora stimulate the production 



Figure 4. Administration of IL-1 p is suf- 
ficient to induce the maturation of splenic 
CD3+CD4+Ror7t"=5='™ ceils into intestinal 
Roryt-expressing sTh17 cells in GF mice. 

(A) GF mice were treated every other day for 14 d 
with either PBS or rlL-ljJ (1 ng/mouse), and then 
LP cells were isolated for analysis. Cytokine secre- 
tion by total LP cells isolated from either PBS or 
rlL-1 p-treated animals was assessed after ex vivo 
stimulation with anti-CD3. (B) Experimental 
scheme for adoptive T cell transfer of sorted 
splenic Ror7t-GFP"CD4+ T cells into GF recipients. 
(C) Recipient GF mice were treated every other 
day for 14 d with either PBS (right) or rlL-ip 
(right), and then analyzed. Representative FACS 
plot gated on CD3+CD4+Thy1.r/1.2+ donor or 
CD3+CD4+Thy1.1-/1.2+ recipient cells isolated 
from intestinal LP and spleen from the indicated 
recipient GF mice are shown. Analysis of 
Ror-yt-GFP staining in recipient CD4+ cells is 
shown as a control. Representative results are 
shown from three independent experiments and 
five mice per group. 



of proinflammatory cytokines in host 
cells (Hasegawa et al., 2010). The sec- 
ond step involves IL-l|3/IL-Rl/MyD88 
signaling in CD4 T cells to drive the de- 
velopment of intestinal sTp^lV cells. Collec- 
tively, our data suggest that interactions 
between commensal bacteria and TLR 
signaling mediated through MyD88 pro- 
mote IL-1 (3 production in intestinal 
CDllb'*' macrophages, which in turn 
induces the difl^erentiation of intestinal 
sTj^iy cells. Notably, exogenous IL-ip increased sT^l? cells 
in the intestine, but not in the spleen, in the absence of mi- 
crobiota. We do not have an explanation for the latter results, 
but it suggests that the regulation of Thl7 cell differentiation 
is more complex that originally described and varies in differ- 
ent tissue environments. Because Tf^l7 cells have been sug- 
gested to play either a detrimental role in autoimmune disease 
(McGeachy and Cua, 2008; Ouyang et al, 2008; Korn et al, 
2009) or protective role during enteric infection (Ivanov 
et al., 2009), further understanding the mechanism that reg- 
ulate the quiescence and the reactivation of these cells may 
have therapeutic potential. 

MATERIALS AND METHODS 

Animals. SPF wild-type and Rag- mice in C57BL/ 6 background were 
originally purchased from The Jackson Laboratory. Ilr'l~^~, and 
Myd88~^~ mice in C57BL/6 background have been previously described 
(Eigenbrod et al., 2008). Il-6~'~ mice in C57BL/6 background were ob- 
tained from Dr. Evan Keller, the University of Michigan. RoYc(^t)-^ mice 
were obtained from The Jackson Laboratory and crossed to lki~^~, 
Myd88~'~ , or U-6~'~ mice to generate gene-deficient reporter mice. GF 
wild-type mice in C57BL/6 background were bred and maintained at the 
Germ-Free Animal Core Facihty of the University of Michigan. GF mice 
were maintained in flexible film isolators and were checked weekly for 
GF status by aerobic and anaerobic culture. The absence of microbiota was 
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verified by microscopic analysis of stained cecal contents to detect uncultur- 
able contamination. All animal studies were performed according to ap- 
proved protocols by the University of Michigan Committee on Use and 
Care of Animals. 

Cell isolation, adoptive transfer, and administration of IL-ip 
in vivo. To isolate Rotr(yt)-gfp"'-'-'^""'''' cells for adoptive transfer, pan T cells 
microbeads (Miltenyi Biotec) were initially used to enrich total T cells, fol- 
lowed by FACS sorting of Cr>3-^CB4^Rorc(yt)-^fp"'s^'"" cells. For adoptive 
transfer of sorted CD3^Cr>4^ Roi-c(yt)~^fp"'^'""" cells into intact GF animals, 
wild-type Thyl.2"'"/1.2"'" 'R.orc('yt}-gfp were crossed to Thy 1.1 mice (The 
Jackson Laboratory) and the Fl progeny were used as donors. Donor CD4 
cells were distinguished from recipient CD4 cells by flow cytometric analysis 
for the co-expression of Thyl.l and Thyl.2 markers. GF mice were treated 
every other day for 14 d with either PBS or 1 |j,g/mouse of rIL-lp (Pepro- 
Tech) i.p., and then intestinal tissue was harvested for analyses. After the last 
round of injections, there was no evidence of bacterial contamination in the 
rlL-ip as determined by standard culture conditions. 

Isolation and stimulation of LP cells. Mice were killed and intestines 
were removed and placed in ice-cold HBSS + 1% heat inactivated FBS + 
0.1% Pen/Strep (complete HBSS). After removal of residual mesenteric fat 
tissue, Peyer's patches were carefully excised and the intestine was flushed 
two times with 10 ml complete HBSS. After flushing, the intestine was 
opened longitudinally and cut into '^l-cm pieces. The cut pieces were 
washed two times at 37°C with 30 ml complete HBSS for 5 min each on a 
magnetic stir plate (600 rpm), followed by incubation with 50 ml 1-mM 
DTT for 15 min at 37°C with rotation. After DTT treatment, the tissue was 
then incubated twice with 30 ml 1-mM EDTA at 37°C with rotation. After 
each incubation, the epitheHal cell layer containing the intraepithelial lym- 
phocytes was removed by aspiration. After the last EDTA incubation, the 
pieces were washed three times in complete HBSS and placed in 30-ml 
digestion solution (complete HBSS containing Type 111 CoUagenase and 
DNase I; Worthington). Digestion was performed by incubating the pieces 
at 37°C for 1—1.5 h with rotation. The digestion product was collected, fil- 
tered through a 7Q~]xM. cell strainer (BD), and pelleted by centrifugation. 
The digestion pellet was then resuspended in 4 ml of 40% Percoll (GE 
Healthcare) fraction and overlaid on 4 ml of 75% Percoll fraction in a 15-ml 
conical tube. Percoll gradient separation was performed by centrifiigation for 
20 min at 2,500 rpm at room temperature. LP cells were collected at the in- 
terphase of the Percoll gradient, washed once, and resuspended in either 
FACS buffer or T cell medium. The cells were used inmiediately for in vitro 
stimulation, flow cytometric analysis, or cell sorting. Cells purified by flow 
cytometry from the LP or total LP cells were cultured at the adjusted density 
of 10^ cells per ml with soluble anti-CD3 (1 |j.g/ml) overnight, and then cyto- 
kines in supematants (IL-22, IL-17A, and IFN-7) were analyzed by ELISA 
(R&D Systems). Intracellular cytokine analysis of total LP cells was per- 
formed in cells stimulated in vitro with 50 ng/ml phorbol myristate acetate 
(Sigma-Aldrich) and 5 \xM ionomycin in the presence of Brefeldin A for 6 h. 
Surface staining was performed with a corresponding cocktail of fluores- 
cently labeled antibodies (eBioscience) for 30 min on ice; followed by per- 
meabilization with Cytofix/Cytoperm solution (BD), and intracellular 
cytokine staining was performed with fluorescently labeled anti— IL-17 anti- 
body (eBioscience). Immunoblotting for IL-lp was performed using rabbit 
anti— mouse IL-lp antibody (R&D Systems). 

Real-time PGR analysis. RNA samples for transcript analysis were iso- 
lated from the small intestine or FACS-sorted cells using Total RNA kit I 
(OMEGA Bio-Tek). Complementary DNAs (cDNAs) were synthesized 
from and prepared with High Capacity cDNA Reverse Transcription kit 
(Applied Biosystems). Values were then normalized by the amount of 
GAPDH in each sample. 

Statistical analyses. Statistical analyses were performed vising GraphPad 
Prism software version 5.0 (GraphPad Software Inc.). Differences between 



two groups were evaluated using a Student's t test. Differences at P < 0.05 
were considered significant. 
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